A newly described whitefly-transmitted geminivirus infecting tomato plants in Florida induces yellow mottling symptoms on leaves, and stunted and distorted growth. The DNA-A and DNA-B components were cloned from extracts of field-infected tomato tissue; excised monomers or uncut tandem dimers of these clones were infectious when co-inoculated on to Nicotiana benthamiana by rub-inoculation. Tomato plants inoculated directly with the DNA-A and DNA-B dimers, or indirectly by sap or graft transmission from N. benthamiana plants previously infected with the dimers, developed symptoms similar to those observed in fieldinfected plants. This tomato geminivirus is different from previously characterized geminiviruses, and has been named tomato mottle geminivirus (ToMoV). DNA sequence comparisons revealed that ToMoV is closely related to bean dwarf mosaic geminivirus (BDMV) and abutilon mosaic geminivirus. Infectious pseudorecombinants were made by exchanging the cloned infectious DNA components of ToMoV and BDMV and inoculating N. benthamiana plants. The presence of the inoculated DNA components in systemically infected plants was confirmed by characterization of DNA-A and DNA-B fragments amplified by the polymerase chain reaction. This is the first report ofpseudorecombination between two distinct geminiviruses. The implications of this finding in geminivirus evolution are discussed.
Introduction
Geminiviruses are a group of plant viruses characterized by circular ssDNA genomes encapsidated within twinned (geminate) icosahedral virions (Harrison, 1985; Lazarowitz, 1987) . These viruses replicate in the nuclei of plant cells via double-stranded replicative form (RF) DNAs. Geminiviruses have been divided into three subgroups. Members of one subgroup possess a monopartite genome, infect monocotyledonous plants and are transmitted by leaflaoppers. The sole member of the second subgroup is beet curly top geminivirus, which is leafhopper-transmitted and possesses a monopartite genome, but infects dicotyledonous plants. Members of the third subgroup usually possess a bipartite genome, infect dicotyledonous plants and are transmitted by the whitefly Bemisia tabaci.
The whitefly-transmitted geminiviruses are mainly distributed in tropical and subtropical regions where B.
The DNA sequences of the ALl and BR10RFs and the DNA-A common region are available under GenBank accession numbers M90494, M90495 and L02618 respectively. tabaci is prevalent, and diseases caused by these geminiviruses are important constraints on crop production (Bock, 1982) . In some cases the incidence of geminiviruses can be so severe that certain economically important crops are not grown, e.g. African cassava mosaic geminivirus (ACMV) and tomato yellow leaf curl geminivirus (TYLCV) in the Eastern Hemisphere and bean golden mosaic geminivirus (BGMV) in the Western Hemisphere. Until recently, tomato plants grown in the Western Hemisphere were not known to be seriously affected by geminiviruses. However, geminivirus-associated epidemics are currently threatening tomato production in Latin America (e.g. Mexico and Costa Rica) and the southern United States (e.g. Florida; Simone et al., 1990) . Owing to the recent occurrence of these epidemics and the potential threat to tomato production in these regions, there is a need to determine the geminivirus(es) involved in different regions, and its relationship to previously characterized geminiviruses. In this report, we describe the cloning and molecular characterization of infectious clones of a new bipartite geminivirus, tomato mottle geminivirus (ToMoV), associated with a recent virus disease outbreak in tomato plants in Florida, and demonstrate that infectious pseudorecombinants can be generated by exchanging the components of ToMoV and bean dwarf mosaic geminivirus (BDMV).
Methods
Virus. The virus isolate was sap-transmitted from diseased tomato tissue collected in Bradenton, Florida in 1990 to Nicotiana benthamiana and tomato plants (Lycopersicon esculentum) as described by Gilbertson et al. (1991 b) . For inoculation of tomato plants, sap was prepared using 0.1 M-potassium phosphate buffer (pH 7-8) with 0.2% 2-mercaptoethanol. N. benthamiana plants were inoculated at the fiveto seven-leaf stage, whereas tomato plants were inoculated at the first true leaf stage or when plants had three or four true leaves.
Molecular techniques.
Restriction enzyme digestion, nick translation of DNA probes with [32P]dATP, Southern blot hybridization analysis, ligation, transformation of Escherichia coli, and other molecular biology techniques were done according to standard procedures (Maniatis et al., 1982) . DNA sequencing was done using the dideoxynucleotide chain termination method with Sequenase (United States Biochemical) according to the manufacturer's instructions.
Preparation of cloned DNA. Geminivirus nucleic acids were detected in plant tissue using squash blots and DNA hybridization with a general DNA probe for whitefly-transmitted geminiviruses (Gilbertson et al., 1991 b) , or with specific probes for bean-infecting geminiviruses from Central and South America (Gilbertson et al, 1991 b) . Geminivirus nucleic acids were extracted from infected tissue as described , and recovered from agarose gels using a glass matrix (Bio 101) according to the manufacturer's instructions. To identify unique restriction enzyme sites in the geminivirus replicative form (RF) DNA, DNA was digested with restriction enzymes, electrophoresed in an agarose gel, transferred to a nylon membrane, and the blot was hybridized under low stringency conditions to a mixture of DNA-A or DNA-B components from BGMV isolates from Brazil (BGMV-BZ) and Guatemala (BGMV-GA), and from BDMV. Putative full-length clones of DNA components were obtained by cloning digested RF DNA into the plasmids pSP72 (Promega) or pBluescript II KS+ (pKS+; Stratagene). Recombinant plasmids having inserts of the expected size (approx. 2.6 kb) were further characterized by Southern blot hybridization and DNA sequencing. Dimeric constructs of a DNA-A and DNA-B clone were prepared as described by Hayes et al. (1988) . Plasmid inocula for plant inoculations were prepared by the alkaline lysis method and purified using CsC1 gradients (Maniatis et aL, 1982) . Plasmid DNAs were used as either undigested molecules (dimers) or DNA digests in which full-length DNA-A and DNA-B monomers were excised. Before plant inoculation, digests were extracted twice with an equal volume of phenol-chloroform, and DNA was precipitated with ethanol and resuspended in TE buffer. Approximately 10 lag of cloned DNA of each component was introduced into celite-or carborundumdusted N. benthamiana or tomato leaves by rub-inoculation with a pestle.
DNA extraction and polymerase chain reaction (PCR)
. DNA extraction from plant tissue for the PCR was carried out as described by Samples were amplified by 25 cycles of PCR with melting, annealing and extension conditions of 1 min at 94 °C, 2 min at 50 °C and 3 min at 72 °C, respectively. To clone PCR-amplified DNA, it was first precipitated with ethanol, dried and resuspended in TE. The DNA was then digested with the appropriate restriction enzyme and electrophoresed in 0.7 % agarose in Tris-acetate-EDTA buffer (Maniatis et al., 1982) . The appropriate DNA fragment was excised from the gel, recovered on a glass matrix and cloned using standard techniques.
Sequence analysis. DNA sequences were assembled and analysed using programs from the University of Wisconsin Genetics Computer Group (UWGCG; Devereux et al., 1984) . Identities and similarities among nucleotide and amino acid sequences were determined using the BESTFIT and GAP programs.
Results

Detection of geminivirus nucleic acids in infected plants, and sap transmission
Tomato plants from the Bradenton area of Florida, U.S.A. showed yellow mottling and vein clearing of leaves, and stunted and distorted growth. Geminivirus nucleic acids were detected in squash blots of this tissue with the general DNA probe (Gilbertson et al., 1991 b) . Specific DNA probes for BGMV isolates from Central America or Brazil did not hybridize under high stringency conditions with squash blots of the infected tomato tissue, whereas a specific probe for BDMV hybridized weakly. N. benthamiana plants inoculated with sap from infected tomato leaf tissue developed down-curling, cupping and distortion of newly emerged leaves, whereas tomato plants (cultivars Florida MH-1 and Hayslip) developed vein clearing and mottling on leaves, and stunted and distorted growth. Geminivirus nucleic acids were detected in plants with these symptoms.
Extraction and cloning of geminivirus nucleic acids from infected tomatoes
The general probe hybridized with nucleic acid extracts from tomato plants with symptoms, but not with extracts from symptomless plants. Three geminivirus-specific DNA forms, presumably ss-and dsDNAs, were recovered from infected tomato tissue. When this DNA was digested with certain restriction enzymes, e.g. components of the tomato-infecting geminivirus from Florida. The locations of the BgllI and Apal sites in the DNA-A clone correspond to nt 2273 and 1801, respectively, in the AbMV DNA-A sequence (Frischmuth et al., 1990) , whereas the BamHI and AccI* sites in the DNA-B clone correspond to nt 1130 and 1168, respectively, in the AbMV DNA-B sequence. The SspI sites denoted with an asterisk indicate the location of the CR.
BglII. BamHI, PstI and EcoRI digested the DNA-B component, and putative fulMength RF DNA was cloned into pKS + digested with BamHI. One DNA-A clone, pTFA-1, and one DNA-B clone, pTFB-1, were selected for further characterization. Different restriction maps were obtained for these two clones ( Fig. 1) , and partial DNA sequences of pTFA-1 and pTFB-1 were similar but not identical to DNA-A and DNA-B sequences of previously characterized whitefly-transmitted geminiviruses, respectively.
Infection of plants with cloned DNAs
Two of 16 N. benthamiana plants inoculated with the excised DNA-A (pTFA-1) and DNA-B (pTFB-1) monomers developed down-cupping, distortion and mosaic symptoms on new leaves (Table 1) . These symptoms were similar to those observed in N. benthamiana plants after inoculation with sap from field-infected tomato plants. Owing to the low efficiency of infection for excised monomers, tandem head-to-tail dimers of the DNA-A (using the BglII fragment of pTFA-1) and the DNA-B (using the BamHI fragment of pTFB-1) clones were constructed in pSP72 and pKS +, respectively. The orientation of the clones was confirmed by digestion with restriction enzymes.
All 10 N. benthamiana plants co-inoculated with the DNA-A and DNA-B dimers developed down-cupping, distortion and mosaic, whereas plants inoculated with either the DNA-A or DNA-B dimer or mock-inoculated developed no symptoms (Table 1) . Tomato plants (cv. Florida MH-1) were infected by direct inoculation with the DNA-A and DNA-B dimers (Table 1) , and developed vein clearing, leaf mottling, stunting and distortion. Six $ Infectivity is presented as number of plants infected/number of plants inoculated. Infection was determined based on the presence of symptoms and the detection of geminivirus nucleic acids using a general DNA probe for whitefly-transmitted geminiviruses (Gilbertson et al., 1991b). tomato cultivars (Florida MH-1, Ohio 89-1, Hayslip, Geneva 80, MB 718 and Empire) were infected with an inoculum derived from the DNA-A and DNA-B dimers (presumably virions) by sap or graft transmission from N. benthamiana plants previously infected with the dimers. Symptoms in these tomato cultivars were similar to those observed in the field-infected tomato plants, but symptom development varied among cultivars. Cultivars Ohio 89-1, Hayslip and Geneva 80 developed vein yellowing, and yellow mosaic and mottling on leaves, whereas MB 718, Empire and Florida MH-1 developed leaf mottling, distortion and stunting.
The tomato geminivirus from Florida is closely related to BDMV and abutilon mosaic geminivirus (AbMV)
To ascertain the relationship between the tomato geminivirus from Florida and characterized geminiviruses, the common region (CR) nucleotide (nt) sequence, and the nt and derived amino acid (aa) sequences of the ALl and BR1 open reading frames (ORFs) were determined from the infectious clones pTFA-1 and pTFB-1. The CR, an approximately 200 nt sequence that is highly conserved between the two DNA components of any given geminivirus, is a diagnostic characteristic for bipartite geminiviruses (Harrison, 1985; Lazarowitz, 1987) , ALl has been used in a previous taxonomic examination of the geminiviruses (Howarth & Vandemark, 1989 ) and BR1 is the most divergent ORF of the geminivirus genome. The CR sequences of pTFA-1 and pTFB-1 consisted of 180 nt, were 98 % identical (Fig. 2) * Nucleotide and derived amino acid sequence comparisons were made with the UWGCG programs BESTFIT or GAP. Numbers are rounded to the nearest whole number.
t AbMV ALl and BRI sequences were amended based on results from alignments with corresponding sequences of other geminiviruses. For the AbMV ALl sequence, two nt were inserted between nt 2010 and 2011, and one nt was inserted between nt 2093 and 2094, which results in a translated ALl product that is consistent with those of other whitefly-transmitted geminiviruses (Rojas, 1992) . For the BR1 sequence, one nt was inserted between nt 1275 and 1276, which results in a translated BR1 product consistent with those of other whiteflytransmitted geminiviruses.
:~ TYLCV-IR does not have a DNA-B component.
and contained the characteristic stem-loop structure with the invariant nonanucleotide sequence TAAT-ATTAC identified in all geminiviruses (Lazarowitz, 1987; Davies, 1987 Howarth et al., 1985) , potato yellow mosaic geminivirus (PYMV; Coutts et al., 1991) , squash leaf curl geminivirus (SqLCV; Lazarowitz & Lazdins, 1991) and tomato golden mosaic geminivirus from Brazil (TGMV-BZ; Hamilton et al., 1984) . The sequence was also compared with those of ACMV (Kenya isolate; Stanley & Gay, 1983 ) and TYLCV-IR (Navot et al., 1991) from the Eastern Hemisphere. The results of these comparisons indicated that the tomato geminivirus from Florida was most similar to BDMV and AbMV, and more distantly related to the other geminiviruses, including TGMV-BZ and TYLCV-IR (Table 2) . Similar results were obtained with comparisons of the nt and derived aa sequences of the ALl and BR10RFs (Table 2 ). These results show that the tomato geminivirus from Florida is different from characterized geminiviruses, and the name tomato mottle geminivirus (ToMoV) has been proposed (E.
Hiebert, personal communication).
Pseudorecombination between components of ToMo V and BDMV
Pseudorecombination experiments, in which components of bipartite geminiviruses are exchanged, provide a tool for studying geminivirus gene function (von Arnim & Stanley, 1992) (Table 3) . However, plants infected by these pseudorecombinants never developed the more severe symptoms characteristic of infection with ToMoV or BDMV DNA-A and DNA-B. The presence of the inoculated DNA components in systemically infected plants was confirmed by characterization of DNA-A and DNA-B fragments amplified by PCR. General PCR primers for DNA-A (Rojas, 1992) were used to amplify a 1.1 kb DNA-A fragment of ToMoV or BDMV. These fragments were digested with BamHI, which cleaves the BDMV but not the ToMoV fragment (Fig. 3) . the fragments from plants infected with BDMV DNA-A and DNA-B (Fig. 3) or the BDMV DNA-A and ToMoV DNA-B pseudorecombinant (data not shown) were cleaved into the expected fragments of approximately 800 and 300 bp (Fig. 3) . To identify the BDMV DNA-B component, specific primers were used to amplify the approximately 700 bp BR1 coding sequence (A. Noueiry & R.L. Gilbertson, unpublished data). These BR1 fragments were further characterized by Southern blot hybridization analysis with a BDMV DNA-B probe under high stringency conditions. BR1 fragments were amplified only from plants infected with BDMV DNA-A and DNA-B or the ToMoV DNA-A and BDMV DNA-B pseudorecombinant, and these fragments hybridized with the BDMV DNA-B probe (Fig. 4) . To identify the ToMoV DNA-B component, a general DNA-B primer (BL1 primer; Rojas, 1992) but not BDMV DNA-B (data not shown). Interestingly, the intensity of the DNA-B bands amplified from plants infected with the pseudorecombinants was considerably lower than the intensity of those amplified from plants infected with the homologous combination of BDMV or ToMoV (Fig. 3, 4 and 5).
To determine the CR sequence of the DNA-B component in the plant infected with the ToMoV DNA-A and BDMV DNA-B pseudorecombinant, general primers were used to amplify an approximately 1.6 kb DNA-B fragment (BL1 primer, Rojas, 1992; BR1 primer, A. Noueiry & R. L. Gilbertson, unpublished data) which includes the entire B R 1 0 R F , the CR, the DNA-B hypervariable region and part of the 5' sequence of the B L 1 0 R F . The intensity of the fragment amplified from the pseudorecombinant-infected plants was again much less than the intensity of those from plants infected with homologous combinations (Fig. 5) . This fragment hybridized with the BDMV DNA-B probe under high stringency conditions, and could be digested with BgllI, which cleaves BDMV DNA-B in the B L 1 0 R F but not ToMoV DNA-B (Fig. 3) . The BR1 primer used to amplify the 1.6 kb fragment has a BgIII restriction site engineered into its 5' end, so the resulting 1.3 kb BglII DNA-B fragment of the pseudorecombinant was cloned into pSP72 digested with BglII. The CR sequence determined from this fragment was the same as that of BDMV DNA-B. These results clearly show that BDMV DNA-B, and not ToMoV DNA-B, was present in the plant infected with this pseudorecombinant.
Discussion
We have molecularly cloned and characterized the infectious DNA-A and DNA-B components of a new tomato-infecting geminivirus, ToMoV, and have shown that infectious pseudorecombinants can be created by exchanging the DNA components of ToMoV and BDMV, a bean-infecting geminivirus. ToMoV, which was previously referred to as TGV-FL (Gilbertson et al., 1991 c) and FTGV (Abouzid & Hiebert, 1991 ; E. Hiebert, personal communication) , possesses the characteristics of a typical bipartite whitefly-transmitted geminivirus (Harrison, 1985) . It has a DNA genome of two approximately 2.6 kb components that correspond to the DNA-A and DNA-B components of characterized whitefly-transmitted geminiviruses, and which share an almost identical CR of approximately 180 bp. Both DNA components are necessary for infectivity. As described for other bipartite geminiviruses (ACMV, Stanley, 1983; TGMV, Hamilton et al., 1983) , the excised monomers of ToMoV DNA-A and DNA-B are infectious upon rub-inoculation of N. benthamiana plants, and the infectivity of the clones is greatly enhanced when tandem dimers are used (Hayes et al., 1988; Morinaga et al., 1988) . Tomato plants were directly infected with cloned ToMoV DNA, confirming that these cloned geminivirus DNAs induce symptoms in tomato plants similar to those observed in the field. This is one of the few examples of cloned geminivirus DNAs being infectious in a natural host upon rub-inoculation. Interestingly, symptom expression varied between tomato genotype, and the ToMoV-tomato genotype interaction could explain the range of symptoms observed in field-infected tomato plants in Florida (J. Watterson, personal communication) , although mixed infections of ToMoV and tomato-infecting RNA viruses could also influence symptom expression.
Based on DNA sequence comparisons, the closest relatives of ToMoV are AbMV from the West Indies and BDMV, a bean-infecting geminivirus from Colombia. AbMV, which induces Abutilon mosaic (also known as Abutilon infectious variegation or infectious chlorosis of Malvaceae) in ornamental Abutilon spp. and a yellow mosaic in Sida spp. (Costa, 1955) , has been widely disseminated in ornamental plants and may be widely distributed in Florida in Sida spp., in which it may induce a yellow mottle disease (Costa & Bennett, 1953) . Furthermore, AbMV has been reported to infect L. esculentum (Muniyappa, 1980) . Thus, it is possible that a variant of AbMV, introduced into tomato plants from infected Sida or ornamental Abutilon spp. by B. tabaci, may have been the progenitor of ToMoV. The molecular characterization of the Sida geminivirus in Florida, and component exchanges between ToMoV and AbMV, may provide further insight into the origin of ToMoV. The relationship between ToMoV and BDMV is more difficult to explain, because BDMV has only been reported in South America Gilbertson et al., 1991b) . However, AbMV is widely distributed in South America (Muniyappa, 1980) , and some AbMV isolates have been reported to induce bean dwarf-like symptoms in Phaseolus vulgaris (Costa, 1965) . Thus, BDMV may have arisen from a South American AbMV isolate. The precise phylogenetic relationship between ToMoV, AbMV and BDMV cannot be determined from our results, but these viruses may constitute a related geminivirus complex that evolved from a common AbMV-like geminivirus, with ToMoV and BDMV becoming host-adapted to tomato and bean plants, respectively.
The close relationship between ToMoV and BDMV was further demonstrated by the unexpected pseudorecombination between the infectious cloned DNA components of these geminiviruses. This is the first report of pseudorecombination between geminiviruses that infect different hosts. Although both viruses infect N. benthamiana, BDMV does not infect tomato plants (Morales el al., 1990 ) and ToMoV does not infect bean plants (based on sap-transmission experiments; S.H. Hidayat, R. L. Gilbertson & D. P. Maxwell, unpublished results) . Pseudorecombination between components of geminiviruses has been reported previously for ACMV (Stanley et al., 1985; Morris et al., 1990) , BGMV (Faria et al., 1990) , SqLCV (Lazarowitz, 1991) and TGMV (von Arnim & Stanley, 1992) , but these pseudorecombinants were combinations of closely related geminivirus isolates or strains, which originated from the same plant species collected from different geographical locations (ACMV, BGMV and TGMV) or from a single infected plant (SqLCV). For the ACMV, BGMV and SqLCV pseudorecombinants, the CRs of the DNA-A and DNA-B components were nearly identical.
The inability to form pseudorecombinants between distinct geminiviruses appears to be due to incompatibility in the CR sequences (Lazarowitz et aI., 1992) . The CR sequences of the DNA-A and DNA-B components of most bipartite geminiviruses are highly conserved (> 95 % identical) owing to the presence of important cis-acting regulatory sequences and sequences that interact with trans-acting factors (Fontes et al., 1992) , such as the ALl product which is necessary for DNA replication (Elmer et al., 1988; Revington et al., 1989) . The CR may also contain sequences important for the temporal expression of geminivirus genes, virus movement within the plant and/or plant cell, and/or encapsidation of virus DNA. Thus, similar CR sequences may be required for a number of basic virus functions, and this requirement may explain why pseudorecombinants between heterologous DNA-A and DNA-B with divergent CRs are not infectious (e. Lazarowitz et al., 1992) . The ToMoV DNA-A and BDMV DNA-B common regions were compared by aligning the ToMoV DNA-A CR and intergenic region (upstream of the AR1 start codon) sequence and the BDMV DNA-B sequence using the BESTFIT program. In the resulting alignment, almost the entire ToMoV DNA-A CR (176 of 180 nt) matched 167 nt of the BDMV DNA-B CR (BDMV CR is 187 nt), and the sequences are 87 % identical. A number of gaps were made, the most prominent being a 12 nt gap in the BDMV DNA-B CR sequence upstream of the stem-loop region (Fig. 2) . A similar though not identical alignment was found for the BDMV DNA-A and the ToMoV DNA-B CRs. Although more divergent than CR sequences of homologous DNA-A and DNA-B components, the similarity of the ToMoV and BDMV CRs is considerable, particularly if contrasted with similar comparisons of the CRs of other geminiviruses [e.g. the BGMV-BZ DNA-A CR is 75% identical to that of BGMV-GA DNA-B , and the TGMV-BZ DNA-A CR is only 48 % identical to that of ACMV DNA-B].
The pseudorecombinants, though infectious in N. benthamiana plants did not induce symptoms as severe as those induced by DNA-A and DNA-B of BDMV or ToMoV, indicating that the heterologous combinations may not interact as efficiently as the homologous combinations. This may be because the DNA-B components of the pseudorecombinants are not efficiently replicated by the trans-acting AL 1 replication-associated protein of the DNA-A components. Evidence for this was seen in the less intense DNA-B bands amplified by PCR from plants infected with the pseudorecombinants (Fig. 3, 4 and 5), which presumably are due to a lower concentration of DNA-B. Symptom expression in N. benthamiana plants infected with ACMV has been correlated with levels of DNA-B (Stanley et al., 1990) . The lower rate of infectivity for the BDMV DNA-A and R. L. Gilbertson and others ToMoV DNA-B combinations may be caused by the low level of infectivity associated with rub-inoculation of monomers, the difference in the location of the cloning sites in these components, or a less efficient interaction between BDMV DNA-A and ToMoV DNA-B. However, our results clearly demonstrate that pseudorecombination can occur between distinct geminiviruses and further experiments are under way to assess the infectivity of these pseudorecombinants in bean and tomato plants to ascertain whether host range and/or symptom determinants can be mapped to DNA-B. Recent results obtained using pseudorecombinants between TGMV strains have indicated that TGMV symptom determinants map to the CR and the BL10RF (yon Arnim & Stanley, 1992) .
The fact that an infectious pseudorecombinant can be made between two distinct geminiviruses has important biological implications, and pseudorecombination may be a mechanism by which new geminiviruses evolve in , t990) has been previously demonstrated. We hope to test this hypothesis experimentally using the pseudorecombinants described here.
